














Thermal Model Correlation

The cotrelation process was started by first identifying the
SID assembly’s most sensitive thermal properties that
would affect absolute temperature prediction with a
thermal model. The simplified 12-node model was used
for this purpose. These properties turned out to be
Thermal Can MLI e* (e-star, or effective MLI radiative
conductance), Thermal Can heat flux, SID mirror
emittance, DCC emittance, Aft Thermal Can internal
emittance, bare ULE emittance. Using the mK thermal
model, Torlon thermal conductivity was also found to be
a sensitive variable. Sensitivity runs were completed
with the simplified model for most of these parameters.

Once approximate values for each parameter were selected
using the simplified model, the mK thermal model
results were compared to one of the Technology Gate-8
steady state test cases. Table 1 shows a comparison
between pre and post-correlation thermal parameters, and
Table 2 shows some of the relevant parameters pre- and
post-correlation.

ORIGINAL VALUES POST CORRELATION
k c, P £ & k €, P £ &
Component Material | (Wimk) | (JtkgK) | (kafm?) WinK) | kgk) | (katm®)
|AftThermal Can____ | Al 6061-0 T80 596 2700 (Xl T.03 780, ES 3981 TAiZ [N
AI6061-0 180 896 2700 0.36 0.03 180 836 2693 081 G022
SID Mirror ULE 731 766 | 2000 |G012/08] - 731 766 | 2146.25 [0.02770.70] -
Zerodute 1.65 aiz | 2530 | 0012 165 812 | 2526 0027

IDCC Fost ULE 131 T66__| 2200 [0012/08| - 131 766_| 2163 | 0.05/081
[Gimbal Simglator AT6061-0_| 180 896 2760 0.1/0.86 Z 180 86 | 2571 | 0.02/0.82
[Fwd/Afl TC Separator | __Torlon 054_| 1000 | 1460 08 - 105 | 1000 | 2387 0.

ezel Stp Invar 326)_10.15_| 515 8140 03 z 1015 | 515 | 8182 0.8
Table 1 — Pre- and Post-Correlation Thermal Parameters

emperature [mK/hn)
-V Value (mK) PV Ratio P-V Value (mKihr) P-V Retio
Carrelated | Uncormelated Correlated Uncarrelated
Test | Concaled | Uncareised | pago Ratio Test | O “"’"‘I\’,"iﬁw Ratio Ratia
(Mode!/Test) (Model/Tes?) (ModelTest) (Model/Test)

[SIDECK1 176 203 186 . 106 93 102 £ A, 103
SIDBCIR hEES 2B 209 % 82 114 107 1 130

DECKE ar 249 20 E ik 123 AT A 152
SIDSIDET 181 21 25 5 [l 118 104, 1 151
SIDSIDE2 188 242 25 .2 74 EiED 13 | 153
[SIDSIDE3 185 256 240 75 125 fE] 153
SIDBCKR1 174 212 1a5 - 70 108 101 144
SIDECKRZ 188 1) 219 K 70 192 107 1.83
[SIDBCKR3 168 190 174 K [1] £ 82 133
[DCCW 1 106 100 77 073 47 64 44 084

Table 2 — Pre- and post-cdrrelation temperature
differences and rates of change on the SID.

It was immediately apparent that the pre-correlation choice
of e* was significantly different from what was needed to
correlate the model. Given the Thermal Can’s round
geometry however, this value is still physically
acceptable. Table 3 shows a comparison between thermal
model absolute temperature predictions and TOM test
results.

PRT Element Test Model Delta
Label Sensor Location Number {K} K) K)
SIDBCK1  SID Mirror, On Back (-X) 39629 2930 293.2 0.2
SIDBCK2  SID Mirror, On Back (+X) 37237 2025 2928 03
SIDBCK3  SID Mirror, On Back (-2} 38433 292.4 292.5 ot
SIDSIDE1  SID Mirror, On Back Near Edge (-X) 39628 203.7 203.4 0.3
SIDSIDE2  SID Mirror, On Back Near Edge (+X) 37236 2933 2931 02
SIDSIDE3  SID Mirror, On Back Near Edge (-Z) 38432 2932 292.9 0.3
SIDBCKR1 SiD Mirror, On Back Raised Portion (-X) . 38796 292.8 2933 05
SIDBCKR2 SID Mirror, On Back Raised Portion (+X) 37834 202.7 293.1 04
SIDBCKR3 SID Mirror, On Back Raised Portion (+Z) 40192 293.1 293.7 06

Table 3 — Absolute temperature predictions and
experimental results.

Transient temperature correlation focused on two main
thermal parameters, Thermal Can heater control constants
and material capacitance. TMG does not have a PID
heater control routine included. It was decided that since
the hardware had such a large time constant, that just
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simulating proportional heater control would match the
test data good enough. The proportional constant was
changed until the Aft and Forward Thermal Can boundary
temperatures matched the test data closely. No further
correlation was done until by request of the structures
analyst, the ULE and Zerodur capacitance values were
reduced by 5% to increase the predicted OPD. Figure 14
shows transient model prediction both pre and post
correlation. Absolute temperature predictions have been
offset from raw model output by approximately 1C.
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Figure 14 — Siderostat Predicted Temperatures — inboard
narrow angle (top). Predicted Temperature Rate of Change
for the inboard narrow angle case.(middle). Predicted
Temperature Gradient Rate of Change — Inboard Narrow
Angle (bottom)

SID Structural Modeling

As described earlier, structural models were developed in
I-deas from the hardware designs and were designed to




map integrate with the thermal models. The Compressor
Bench FEMS were provided by ATK, who also designed
and manufactured the Compressor Bench. The FEMs of
the compressor optics and their support structures were
developed at JPL and integrated with the high fidelity
FEM of the bench that ATK provided.

SID Model

Figure 15 shows the FEM developed for the SID. This
model has 47,000 elements and 168,000 nodes. The
actuator mechanisms were modeled as elastic beams. The
model also contained the bipod supports which in turn
were connected with rigid elements to a ground point.

Figure 15 — SID Structural Model.

The SID mirror material is ULE, the DCC is made out of
Zerodur and the rest of the structure is Invar. During the
manufacturing process it was determined that the ULE’s
coefficient of thermal expansion (CTE) was not
homogeneous throughout the material and thus it was
required to develop an algorithm to allow the model to
have heterogeneous material properties. A computer
script was developed and successfully applied to the FEM
to provide for varied CTE properties in the SID mirror.

Materials

Well established experience with certain materials e.g.
aluminum, justifies uniformity. Most materials in the
hardware are less well known ie Super Invar (SID bezel
and bipods), Zerodur (DCC), and ULE (the SID mirror
material). These are boutique materials engineered for
zero CTE and suspected to exhibit non-uniform spatial
properties, but no significant time dependent behavior is
suspected in the operating temperature range. The SID
mirror ULE properties are known to have spatial variation
and available measured data still has significant
uncertainty. The SID bezel material, Super Invar, has
questions about its CTE due to heat treatment. The DCC
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is Zerodur and has a remaining uncertainty about the sign
(+ or -) on the CTE and a thermal cycle test has been
proposed to determine the effect of DCC Zerodur CTE
hysteresis on OPD performance.

Predictions and Validation

Because the SID is a simple optical flat with a
retroreflector in the center, the OPD changes predicted are
directly proportional to the thermally induced
deformations and the experimental data can be compared
to the model output without using an optical modeling
tool. There is a factor of 2 to account for between surface
deformations and OPD, because the optical path traverses
each deformation on the SID twice—once incoming and
once outgoing.

Figures 16 and 17 show the predicted OPD variations
with time for two the test runs, along with empirical data.
OPD predictions were made in three different ways:
fully modeled, in which thermal model predictions were
made and put into the structural model to generate OPD
outputs; partially modeled, in which an empirical value of
OPD as a function of SID temperature was measured and
simply multiplied by the temperatures from the thermal
model; and empirically modeled, in which the previously
measured dOPD/dT number was simply multiplied by the

measured temperature changes.

These results suggest that detailed knowledge of CTE
values is very important in developing accurate models
for the SID. The partially modeled and fully empirical
predictions use the temperature difference between the
DCC and the SID mirror, which crosses the boundary
between two different materials, Zerodur and ULE. Both
materials have very low CTE whose sign can be + or -,
and which can vary from sample to sample of the
material.  Additionally, the CTE of ULE is
inhomogeneous, and due to constraints in manufacturing
neither the particular Zerodur nor ULE sample used in the
SID are well characterized. Despite this, the models show
that OPD changes can be predicted a priori to within
about a factor of 2, which is acceptable for these
components of SIM. Careful characterization during
manufacture or testing at intermediate stages of fabrication
might improve this predictive capability at reasonable
expense. Further, the close correlation of the OPD to the
temperature difference from the DCC to the SID might
offer the capability of further reducing thermally induced
errors in the completed system, even if they can’t be
perfectly predicted prior to assembly.
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Figure 16 — SID Optical Path Difference data and
empirical model fit.
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7. CONCLUSIONS

Model Development

These results show that the integrated modeling process
using is working and allows thermo/opto/mechanical
modeling at levels needed for SIM. The process takes
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advantage of commercially available FEA tools without
need for additional tool development-- only process
development for practical work and model flow. This is
particularly valuable in minimizing development cost and
time that would be incurred with custom tools or
modified commercial tools.

In addition to benefiting from validation work that has
gone into the commercial tools, the model and tools are
being validated against experimental data at the precision
required for SIM flight system development, confirming
their applicability and usefulness for SIM.

Model Validation for SIM

The TOM3 testbed was successful in demonstrating the
performance required for SIM Milestone 8 as well as
providing models validation that allows reasonable
margins to be assigned during flight system development.

The thermal models using the best available inputs
predicted the relevant parameters (peak-to-valley
temperature change and rate of change) to within 60%
prior to any attempts to adjust model parameters to fit the
experimental data. For most components of interest,
except for the DCC, the model overpredicted the
temperature swings and rate of change. After relatively
small adjustments that are physically reasonable, the
model consistently matches the experimental results or
overpredicts by 20 to 60%. The overprediction is
preferable to underprediction because it provides margin
against design or modeling errors. It is also preferred that
the model overpredict by a relatively consistent amount in
order to simplify the assignment of margins and model
uncertainty factors.

The structural models are fairly sensitive to accurate
knowledge of material parameters, particularly CTE, but
also provided performance predictions that are valuable for
flight development. Prior to model correlation, the
structural model of the SID underpredicted by a factor of
about 3. After modifying the CTE of the ULE glass in
the model to be more consistent with the properties of the
real glass, including inhomogeneity, the model
underpredicted by a factor of about 1.6. Although
overprediction would be preferred, this very reasonable
and also gives us a modeling uncertainty factor that is
useful for developing design margins for the flight system
that aren’t prohibitively conservative.

These data, combined with an empirical model of the SID
system also suggest that a combination of more detailed
knowledge of material properties, possibly combined with
tests at the component and subsystem level, can improve
the fidelity of the models for use in design modifications
or for integration into higher level models.
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